REVIEW

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de
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Petr Sklddal, Tero Soukka, and Hans H. Gorris*

Advances in the development of new biorecognition elements,
nanoparticle-based labels as well as instrumentation have inspired the design
of new bioaffinity assays. This review critically discusses the potential of
nanoparticles to replace current enzymatic or molecular labels in
immunoassays and other bioaffinity assays. Successful implementations of
nanoparticles in commercial assays and the need for rapid tests incorporating
nanoparticles in different roles such as capture support, signal generation
elements, and signal amplification systems are highlighted. The limited
number of nanoparticles applied in current commercial assays can be
explained by challenges associated with the analysis of real samples (e.g.,
blood, urine, or nasal swabs) that are difficult to resolve, particularly if the
same performance can be achieved more easily by conventional labels. Lateral
flow assays that are based on the visual detection of the red-colored line
formed by colloidal gold are a notable exception, exemplified by SARS-CoV-2
rapid antigen tests that have moved from initial laboratory testing to

potential for addressing real-world prob-
lems in medical diagnosis, food safety, and
environmental monitoring. Consequently,
NPs displaying novel optical, electrochem-
ical, or catalytic features have been con-
tinuously employed to improve the perfor-
mance of established bioaffinity assays and
to develop entirely new detection schemes.
Other applications of NPs for therapeutic
technologies(!! and imaging!?! are beyond
the scope of this review.

Although there are thousands of re-
search articles on the application of NPs
for sensing and imaging every year, only
some of these go beyond proof-of-principle
studies and are patented, and even fewer
find their way into the market. Many re-
views have been published to keep up

widespread market adaption in less than two years.

1. Introduction

Progress in the design, controlled synthesis, and mass produc-
tion of nanoparticles (NPs) has gained momentum since the turn
of the century, and NPs have found their way into numerous com-
mercial products and have permeated our everyday life—for good
or bad. In the analytical sciences, however, NPs offer tremendous

with the large number of original re-
search articles on new NP-based detec-
tion schemes.*~) There is, however, a
need for a critical evaluation of the most
suitable approaches for commercialization
because many recent materials-oriented papers have claimed
analysis capabilities that are either impractical, are not tested for
selectivity, or are otherwise deficient.

Scientific publications typically focus on the performance of
the detection element to show the highest sensitivity of newly de-
veloped assay systems under ideal experimental conditions, e.g.,
by using commercially available bioaffinity reagents and standard
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buffers instead of real samples. Thus, they cover only two of the
key elements important for commercialization. A robust, i.e., an
assay without matrix effects, fast, and simple, i.e., user friendly,
performance ideally at the test site (point-of-care, PoC) without
the need of trained specialists, however, is in most cases more
important than the lowest possible limit of detection (LOD). A
paradigmatic example for PoC tests is the lateral flow assay (LFA)
using gold nanoparticles (AuNPs) for a direct visual detection by
the naked eye.l®! LFAs for pregnancy testing have already been
on the market since the 1970s,”] but routine testing using rapid
Covid-19 antigen LFAs has become even more important for our
daily life. Such rapid tests are a good illustration that PoC test-
ing had an even greater effect on controlling the Covid-19 pan-
demic than more sensitive PCR tests that need to be performed
in a centralized laboratory. Even though the Covid-19 pandemic
ended, the world market revenues for LFAs are expected to in-
crease from $20.5 billion in 2022 to $22.6 billion in 2027.8]

This review aims to serve as a guideline 1) to distinguish be-
tween NP-based bioaffinity assays that are nonproductive, i.e.,
where existing methods are satisfactory or better, and that are
productive, i.e., where the properties of NPs address challenges
and limitation of current methods, 2) to understand what is re-
quired for developing assays and sensors that optimally address
the needs and limitations of potential end users, e.g., in PoC tests
or diagnostic laboratories, and 3) to encourage researchers to go
beyond proof-of-concept studies by testing more relevant sam-
ples. A discussion on the challenges associated with microfluidic
PoC devices that have led to limited commercial success was pub-
lished earlier.l”]

For the commercialization of NP-based bioaffinity assays, we
have to consider four key elements: 1) performance and com-
plexity of the detection element that determine the readout
mechanism and thus the instrument requirements, 2) user-
friendliness including assay time and throughput, 3) specificity
of the bioaffinity reagent/receptor, and 4) absence of interfer-
ences, which has been defined as “the effect of a substance
present in an analytical system which causes a deviation of the
measured value from the true value, usually expressed as con-
centration or activity.”!'% In diagnostic applications, the target
analytes are typically contained in complex matrices such as
blood, where preanalytical variability may arise from blood col-
lection, the nature of the sample, hemolysis, lipaemia, stability,
and storage. Additionally, blood is a notorious source of matrix
effects!!!! caused by serum proteins such as albumin, fibrino-
gen, rheumatoid factors, complement, lysozyme, endogenous
hormone-binding proteins, autoantibodies, and heterophilic an-
tibodies. Reagents such as buffers, monoclonal/polyclonal an-
tibodies or detection labels may show different levels of non-
specific interactions with the components of the complex sam-
ple as well as other assay reagents, which are important factors
to consider during optimization steps. Furthermore, immunoas-
says may show a hook effect when analyte concentrations are too
high.[1% Nonspecific binding of species that are not targeted by
the affinity reagent as well as label components limit the sensi-
tivity and specificity of all assays. NP-based labels, however, can
be particularly challenging in this regard because of their larger
interacting surface area as compared to molecular labels.['?]

This review primarily discusses NPs that are smaller than
100 nm in diameter as labels and/or transducers in contrast
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to, e.g., magnetic microspheres (beads) that are typically much
larger and serve as capture surfaces. Several types of NPs af-
ford distinct optical features that are advantageous for assays and
sensing and cannot be achieved by using molecular labels (yet).
For example, 1) semiconductor NPs show a size-dependent quan-
tum confinement (quantum dots) and tunable emission wave-
length, 2) photon-upconversion nanoparticles (UCNPs) are ex-
cited by long-wavelength light and emit shorter wavelength light
(anti-Stokes emission), which avoids background fluorescence
and light scattering, and 3) noble metal NPs exhibit localized sur-
face plasmon resonance, which depends on the metal species,
aggregation and size of the NPs.

In addition to these specific advantages, the larger size of NPs
compared to molecular labels confers some general advantages.
1) Compared to individually labeled binder molecules, NPs can
be conjugated to low-affinity binders, such as lectins or pep-
tides, which result in an affinity enhancement due to its effect
on both kinetics (lower dissociation rate) and avidity (polyvalent
binding)."31#] 2) The attainable signal from a single NP is typi-
cally much stronger than the signal from a single molecular la-
Dbel such that the detection of individual immune complexes be-
comes possible by using relatively simple means.['] 3) NPs are
typically (photo)chemically more stable and their properties are
typically less affected by the chemical environment compared to
molecular labels. The robustness under ambient conditions is a
particular advantage of NPs compared to the more common bio-
chemical detection reagents such as enzymes.

On the other hand, the application of NPs is associated with
some challenges. 1) The synthesis of NPs is more difficult and
even if it leads to a homogeneous batch there is still some variabil-
ity in the number of atoms contained in a population of NPs un-
like molecular labels that are chemically identical if properly puri-
fied. 2) The larger size of NPs may lead to steric hindrance during
affinity binding, and 3) the limited colloidal stability and shelf-
life affect their commercialization. To address these challenges,
a well-designed surface architecture of NPs is essential.l'®] Addi-
tionally, 4) the potential (nano)toxicity has been increasingly in
the focus of attention.!”]

2. Fields of Application and User Demands

The field of application and intended purpose of the analysis de-
termine how fast an analyte must be detectable. For example, the
cardiac biomarker human cardiac troponin must be detectable
on-site as every minute counts in beginning the life-saving treat-
ment. Annually, more than one million deaths in the US are
caused by coronary artery diseases, especially acute myocardial
infarction.['®! With hospitals often overcrowded and staff short-
ages, there is a significant market need for a rapid analyzer that
can help diagnose patients on site. The detection of biological or
chemical warfare agents also requires immediate safety arrange-
ments at the site of exposure. Similarly, imported meat and other
food products require rapid control before delivery to the cus-
tomers. All these are examples where decentralized analysis and
PoC devices are urgently required because central laboratory test-
ing depends on the sample transfer and is too slow to respond.
The containment of the recent Covid-19 pandemic also re-
lied on a rapid and tight surveillance by PoC tests. Home test-
ing with PoC devices avoided unnecessary travels to health care
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units for sample delivery and assisted in limiting the exposures
and transmission of the infection. Other diseases such as sexu-
ally transmitted diseases have longer cycles of infection and/or
are not transmitted as easily as viruses released from the respi-
ratory tract. Nevertheless, also there a tight control is preferred,
highlighting the general need for rapid PoC tests. NP-based LFAs
are cheap, fast, user-friendly and in the simplest case the result
can be read out by eye or by using a mobile phone and thus are a
cornerstone for PoC testing outside of the laboratory.!1%20]

By contrast, the detection of cancer markers typically does not
require short turnaround times and can be performed within one
week in a hospital laboratory. While screening of cancer biomark-
ers for cancer prevention is very important, PoC cancer tests
are not 100% specific because many other factors, e.g., benign
tumors, can lead to elevated biomarker concentrations. Conse-
quently, the results of these home tests would still need to be con-
firmed with the doctor or the test result is directly sent to the doc-
tor via the smartphone, and the likelihood of false positive results
lead to unnecessary psychological stress. Van Poppel et al.[?!] also
showed that the inefficient use of already existing screening tools
is more problematic than the lack of new ones. Nevertheless, in
some cases screening of cancer markers may be useful. For ex-
ample, after radical prostatectomy the cancer marker prostate-
specific antigen (PSA) should no longer be detectable. Therefore,
regular checkups are required to monitor increasing PSA levels
as an indicator of recurring prostate cancer.

OPKO Health offers the Claros 1 analyzer and a credit card-
sized microfluidic cassette for the fast determination of total PSA
from a finger prick blood sample amenable to PoC applications.
PSA in the blood sample binds to an AuNP-labeled detection anti-
body in the cassette, which is inserted into the Claros 1 analyzer.
The sample is pulled over a test zone by applying a vacuum to
the microfluidic channel. The AuNP-labeled detection antibody,
PSA, and an immobilized second anti-PSA antibody form a sand-
wich complex on the test zone. To enhance the optical density
around the immune complexes, a silver amplification step is per-
formed where Ag* is reduced to Ag, which precipitates on the
AuNPs and attenuates the light transmission through the test
zone.[??]

The type of analyte also determines which assay parameters
are most important: the assays for diseases requiring immediate
action should have short turnaround time to enable an immedi-
ate beginning of treatment. In the case of cancer markers, where
early detection is also important, it is however not the speed of
assay, but rather the LOD that is more relevant. In case of the
pregnancy test, the detection of relatively high concentrations of
human chorionic gonadotropin is sufficient. It is important for
the user that the stronger color change afforded by NPs renders
the visual interpretation easier. Otherwise, these tests are opti-
mal for home testing because they are easy to use and do not
need any instrumental support. Consequently, there is no need
to further improve the speed or sensitivity of the over-the-counter
pregnancy test.

Optimizing the LOD also bears another implication: if the
LOD of an assay is improved even though current assays are suf-
ficient for the analyte detection, it may still be possible to im-
prove the overall assay performance because diluting the sample
further before running the assay also reduces possible matrix ef-
fects. On the other hand, for assays with short turn-around-time
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as needed for troponin, it is advantageous to minimize any sam-
ple processing and dilution steps to keep the time for obtaining
the test result as short as possible. In this case, performing the
assay in undiluted and unprocessed whole blood is advantageous.

3. Key Performance Parameters of
Nanoparticle-Based Bioassays

NPs and their bioconjugates employed in commercial im-
munoassay platforms are typically smaller than 100 nm in diam-
eter, but there are also examples of platforms with significantly
larger particles such as ceramic upconversion particles of 400 nm
in diameter.[?* The signal quantity obtainable from the NPs by
an optical measurement commonly depends on their volumetric
dimension, i.e., larger NPs typically generate a stronger signal,
which is more easily detectable, but there are several exceptions
such as quantum dots (QDs)!**! and light scattering or plasmonic
metal NPs.[?] Figure 1 shows the diversity of NP-based bioaffinity
assay amenable to the detection of structurally diverse analytes.

In addition to the average diameter, also the shape of NP-
based labels is important for the reactivity of the bioconjugates.
NP labels of spherical shape and coated uniformly with specific
binders on their surface are considered optimal because they are
independent of the NP orientation. Such labels bind their tar-
gets more homogeneously with minimal NP reorientation, which
avoids different steric restrictions on binder molecules attached
to different locations on the NP surface. Thus, the ideal NP la-
bel should be spherical in shape and its size should be as close
as possible to molecular labels while providing the advantages
and composition of larger nanostructure—which practically can-
not be achieved at the same time. It is relatively easy to achieve a
highly spherical shape for larger NPs synthesized from organic
polymers or silica, but in case of small AuNPs?! or inorganic
crystalline NPs such as UCNPs!?’I a completely spherical shape
is more challenging.

NPs employed in clinical assays also inevitably interact with
bulk proteins present in the serum sample. Proteins more or
less weakly adsorbed to the NP surface form a so-called pro-
tein corona, which sterically hinders specific interactions of the
surface-bound antibodies with the analytes and affects the as-
say response.[?!] Advances in the surface functionalization using
highly hydrophilic polymer coatings such as dextran[?’! minimize
the formation of a protein corona, improve resistance against
fouling and minimize the nonspecific interactions of the NP la-
bels when analyzing complex samples.[**] Other biochemical ap-
proaches have aimed to obtain a high surface coverage of affinity
binders with an optimized orientation.’!] The optimal arrange-
ment of affinity binders has the potential to improve the overall
assay performance and reduces the possibility of false-positive
results.

Finally, the much larger size of NP labels compared to molec-
ular labels renders NP labels intrinsically more prone to aggre-
gation and sedimentation. Thus, the long-term colloidal stability
of NP labels has to be confirmed over long times and for several
batches before market introduction. This aspect has been often
neglected in fundamental research studies, where new batches
of NPs can be prepared more easily on a smaller scale. Dry
chemistry-based approaches eliminate problems with solution-
based particle-containing reagents.’>®] For example, the

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWWOD BAITe1D) 8]qel (dde aup Aq peusenob aJe S9ppie YO 8Sn J0 SNl J0j AreiqT 8UlUQ A8]1/MW UO (SUONIPUOD-pUE-SWRIALIO" A3 1M Alelq | Bul[Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[1202/T0/S0] Uo Ariqiiauliuo A8|im ‘myn Jo AisIeAlun Ad £59/08202 eWPe/Z00T OT/I0p/Wo 48| im A RIq1euljuo//Stiy WOy pepeoumod ‘0 ‘Se0rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Nr X Chemical g
TP < Saein
LY, agent \]r, Antibody (=
Cod >
Ayl & -
ke i : Dye-doped NP J j
.ﬁ " f
b n P
[ Lo ' Photon- Gold NP
i upconversion NP
Bacterium o Polymer dot
(If - Aptamer '
2 (
i A
!r/ Protozoon " Quantum dot Silver NP
& Molecularly | Pelfststentt
imprinted umlrll\‘ePSCan
Cancer polymer
G marker

Recognition element

Transduction element

Figure 1. Scheme of bioaffinity assay containing different possible affinity binders as the recognition element and various optical NP labels as the
transduction element. Ideally, the presence of the analyte is directly detected by the naked eye. By contrast, readout instruments are typically much more

sensitive depending on the chosen transduction element.

industrial production of most LFAs already includes drying of
the NP labels on the conjugate pad, which enables more flexible
storage under ambient conditions. The use of dried NP labels is
also applicable to other assay platforms.

The following sections describe selected examples of commer-
cial NP-based labels and assays that are summarized in Table 1.
The worldwide number of companies, however, is by far too large
to include them all.

3.1. Analyte Sampling

A representative analyte sampling and extraction is of paramount
importance for the overall assay performance. Analyte sampling
strongly depends on the application area. For example, in clini-
cal assays, the classic sample is blood serum in which mainly tar-
get proteins are detected, but also small molecules, such as hor-
mones and miRNAs. Other analytes are collected (sampled), e.g.,
by using nasal or saliva swabs!**] or from sweat or urine.[**] NPs
or nanoporous/nanostructured materials have been employed as
the solid phase for analyte sampling. For example, superparam-
agnetic beads are a convenient tool for sampling and preconcen-
tration of an analyte,[*) and are discussed in the context of mag-
netic bead assays (Section 4.1.2).

3.2. Affinity Binders

Common sample matrices are complicated environments, in
which the analyte constitutes only a minor component. Thus, the
analyte detection requires highly specific and selective recogni-
tion elements (Table 2) such as antibodies that remain the most
common biorecognition element in commercial devices.*”] An-
tibodies, however, are not without problems in terms of pro-
duction, molecular size, stability, storage, and handling. There-
fore, alternative recognition elements have been explored mainly
to reduce the price and to improve the stability under am-
bient conditions. Aptamers and molecularly imprinted poly-
mers (MIPs)*8] are promising alternatives provided that they
match the specificity and selectivity of antibody binding. Other
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bioaffinity binders include peptide mimetics, synthetic receptors
based on molecular complexes,[*] or natural receptors for ligand
assays.[“l As a unique feature of NP-binder conjugates, they en-
able using lectins as binders for the detection of cancer-specific
protein glycovariants, which are not possible with molecular la-
bels due to the weak affinity of lectins).[*!]

3.2.1. Antibodies and Nanobodies

Antibodies enable specific interactions with high binding con-
stants (>10' m~")*? and can be routinely produced in large
quantities.*}] The high specificity of antibodies is one of the key
requirements for the development of assays and sensors./*4*]
Antibodies belong to the superfamily of immunoglobulins (IgG),
which play a crucial role in the immune systems of higher ani-
mals. Typical IgG antibodies are heterodimers composed of two
identical light chains and two identical heavy chains, forming a
Y-shaped molecule of roughly 10 nm in diameter with a molecu-
lar weight of 150-160 kDa depending on the IgG subclass.

After immunizing an organism with the antigen, numerous
clones of plasma cells produce antibodies against different anti-
genic determinants (epitopes). Such polyclonal antibodies can be
prepared relatively easily and tolerate small changes in the na-
ture of the antigen (e.g., denaturation or polymerization), but
their affinity is variable, and their production is limited in quan-
tity and requires various purification steps. By contrast, mono-
clonal antibodies that are derived from an individual plasma cell
clone are specific for a single epitope. The preparation of mono-
clonal antibodies was enabled by the development of hybridoma
technology, ! which is based on the fusion of B-lymphocytes
with the immortal myeloma cell line.[*! Alternatively, mono-
clonal antibodies can be prepared by phage display technology,
which is based on presenting recombinant antibody structures
on the surface of bacteriophages, followed by testing the interac-
tions with the target antigens.[*®! The main advantages of mon-
oclonal antibodies include high specificity, defined biological ac-
tivity, and the possibility of large-scale production.®”]

The smallest antibody fragment capable of binding antigens is
the Fv fragment consisting of one variable domain per light and
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Table 1. List of selected NP-based detection platforms on the market.
Company/product Assay technology Label Analyte/performance Time Website
AIDIAN/QuikRead go Immunoturbidimetry Latex particles Clinical analytes 2 min www.aidian.eu
BioSquare/QuantumPack Easy  LFA QDs in silica NPs Viral antigens 10 min  bio-square.com
Clip Health/Clip COVID Rapid  LFA PLNP (strontium SARS-CoV-2 30 min  cliphealth.com/products/covid-19/
Antigen Test aluminate) nucleocapsid/LOD: 0.9 x 102
TCIDg, [mL]?)
Gentian/GCAL Particle-enhanced Polystyrene NPs Calprotectin/LOQ: 0.30 mg L~! 10 min  www.gentian.com
turbidimetric
immunoassay
Luminex/xMAP Flow cytometry-based AuNPs (13-20 nm) Proteins <2h www.luminexcorp.com/magplex-
counting microspheres/
Lumito AB/SCIZYS Immunohistochemistry UCNPs (<30-80 nm) Tissue cancer markers - lumito.se/en/products/
imaging
MagArray/MagArray System Magnetoresistance Superparamagnetic EGFR/10 ng mL™! 25h magarray.com
NPs (=50 nm)
Medisensor/aQcare LFA EuNPs Chlamydia trachomatis <30 min  medi-sensor.com/en/aqcare-
Chlamydia TRF-S antigen/LOD: 0.27 ng mL™! chlamydia-trf-s_us
MIP Discovery/SARS-CoV2- Thermal resistance nanoMIP SARS-CoV2-RBD/5 fg mL~! - https://mipdiscovery.com/product/
nanoMIP covid-19-nanomips-optimized-
(54-60 nm) for-sensors/
OPKO/Claros 1 Silver enhancement of AuNPs Total PSA/LOQ: 0.1 ng mL™! 10 min  www.opko.com
AuNPs and optical
detection
Quidel/Triage System LFA Fluorescent dye-doped  Clinical analytes 15 min  www.quidel.com/immunoassays/
latex particles triage-test-kits
Revvity/Ronia LFA UCNPs PIGF ~30 min  https://en.novabio.ee/news/meet-
ronia
Quanterix/SimoA Optical detection in Superparamagnetic Various proteins - www.quanterix.com
fL-sized wells beads
SAFIA Technologies Flow cytometry-based Fluorescent dye-doped ~ Mycotoxins www.safia.tech
counting polystyrene NPs
Siemens Healthineers/Atellica  Frustrated total internal Superparamagnetic cTnl/LOD: 1.2 ng L™! (plasma) 8min  www.siemens-healthineers.com/de/
VTLi reflection microscopy NPs cardiac/cardiac-systems /atellica-
1.6 ng L™ (whole blood) vtli
Uniogen/UPCON LFAs and microtiter plate  UCNPs (>100 nm) CA125/LOD: 5.4 U mL™! 30 min  uniogen.com/upcon
assays
Vazyme/Various test kits LFA QDs Various 5-15 min  en.vazymemedical.com/Quantum-

Dot-Immunofluorescence-
Platform-pl3961912.html

al)TCIDSO—median tissue culture infectious dose (virus dilution required to infect 50% of a given cell culture).

heavy chain. Using molecular biology tools, recombinant single-
chain Fv (scFv) fragments can be prepared. These can either carry
the specificity of the parent antibodies, or scFv fragments with
newly designed binding sites can be prepared using protein en-
gineering and searching for gene libraries.?#]

In the 1990s, heavy-chain antibodies without light chains
were identified in camelids (hcAbs)*] and cartilaginous fish
(IgNAR).*5% The main advantage of heavy-chain antibodies
compared to conventional ones is the higher stability and smaller
size, enabling better accessibility to some epitopes. Furthermore,
they can be more easily optimized by phage display techniques
because all the binding specificity is provided by a single pep-
tide strand. For immunochemical applications, the recombinant
variable domain of hcAb (also called “nanobody”) can be obtained
and modified for the binding of the target antigen.>!*2] Such an-
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tibodies combine high thermal stability with resistance to pro-
teases and the ability to capture epitopes that are not able to re-
act with whole antibodies.I>>! The much smaller size is very im-
portant for some applications such as Forster resonance energy
transfer (FRET),>* and they can be more easily designed as fu-
sion proteins.

3.2.2. Aptamers

Research on alternative recognition elements that are highly spe-
cific for a target analyte and chemically stable is focused mainly
on aptamers.[>) While antibodies consist of 21 amino acid build-
ing blocks, aptamers consist of only four nucleotide building
blocks with a typical length of 40 bases, which defines a po-
tential sequence space of 4“1 combinations.’®! Tt should be
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Table 2. Overview of affinity binders commonly used for assays and sensing.

Affinity binder Material Advantages Disadvantages
Polyclonal antibodies Proteins Simple preparation of single batch Limited stability (temperature, proteases)
150-160 kDa Tolerance to small changes in Heterogeneity between batches
antigen Increased changes for cross-reactivity as
Good commercial availability they are specific for the whole target
Reasonable price protein rather than a single epitope
Monoclonal Proteins Simple large-scale production Limited stability (temperature, proteases)
antibodies 150-160 kDa High specificity
Good commercial availability
Reasonable price
Cameloid and Proteins High thermal stability Lower commercial availability than
recombinant 15 kDa Small size antibodies
antibodies, and Ease of genetic engineering
nanobodies Possibility to capture epitopes not
reacting with whole antibodies
Nucleic acid aptamers DNA, RNA Possibility of in vitro chemical Lower affinity than antibodies
40 bases synthesis Challenging preparation for new targets
Simple large-scale production Susceptibility to nucleases
Higher temperature and chemical
stability, possibility of
regeneration by heat
Small size
Peptide aptamers Peptides Possibility of in vitro chemical Challenging preparation for new targets
5-20 aa synthesis
Simple large-scale production
Higher temperature stability,
possibility of regeneration by heat
Small size
Molecularly imprinted Polymers Fully synthetic Limited access of larger molecules

polymers

Excellent physical and chemical

(proteins)

stability Limited specificity

Heterogeneity between batches and
individual binding sites

noted that some authors only define recognition elements based
on three-dimensionally folded single-stranded DNA or RNA as
aptamers,®’] while others classify both nucleic acid- and peptide-
based recognition elements as aptamers.*8! Typically, DNA ap-
tamers are chemically more stable, while RNA aptamers are con-
formationally more flexible and thus possess a larger structural
variety.(>”]

While both types of nucleic acid aptamers do not differ signif-
icantly in terms of specificity or affinity,[®”) the difference to the
affinities of antibodies can reach several orders of magnitude (nm
range for antibodies and pm range for aptamers), which is often
not sufficient for the detection of clinically relevant concentra-
tions. In the literature and commercial applications, aptamers are
mostly used for a few analytes such as thrombin, cocaine, ATP,
and lysozyme, for which well-defined target-binding sequences
are known.[®!] This repertoire of targets, however, is small com-
pared to the wide variability of commercially available antibodies.

In general, aptamers are used in similar configurations as con-
ventional immunoassays and sensors.[®2] Unlike immunoassays,
however, aptamer-based assays can be regenerated by using heat
for denaturation, which leads to the release of the bound ana-
lyte. When the temperature is lowered, the aptamers refold to the
functional conformation and can again bind the analyte, which al-
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lows for reusing the assay.|®! Alternatively, nucleic acid-based ap-
tamers can be regenerated using proteinase K, which specifically
degrades the target proteins but not the aptamer.[®?) Aptamers are
also more resistant against heat and chemicals than antibodies,
but they are susceptible to degradation by nucleases present in
cells and body fluids. The degradation stability can be improved
by a chemical modification of the nucleotides.[®*!

Nucleic acid aptamers allow for an easy and cost efficient in
vitro chemical synthesis and they are typically optimized from
a large library of oligonucleotides (~10% different structures)
by systematic evolution of ligands by exponential enrichment
(SELEX). SELEX involves three main steps: 1) binding of the
target molecule to the library, 2) elution of the bound oligonu-
cleotides, and 3) amplification by PCR.[®] These steps are re-
peated 8 to 15 times to obtain an enriched pool of sequences
with high affinity and specificity for the target. The enriched se-
quence with the highest concentration is selected as the poten-
tial aptamer.’’l While SELEX typically requires several days or
weeks, nonequilibrium capillary electrophoresis of equilibrium
mixture (NECEEM)-based partitioning is an alternative proce-
dure without amplification steps that only takes 1 h.[°®] The prepa-
ration of new aptamers via SELEX or NECEEM, however, is not
always successful and can be rather complicated from a practical
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point of view. Thus, in future commercial applications, aptamers
may not replace antibodies in general, but they may find applica-
tions whenever high-affinity aptamers are available.

Peptide aptamers are short constrained amino acid sequences
(5-20 amino acids) embedded into a small and stable protein
backbone that are identified by the phage display technology.[67-%8]
The conformational constraint stabilizes the insert loop and en-
ables the aptamer to fold and recognize the target molecules.[*”]

3.2.3. Molecularly Imprinted Polymers (MIPs)

MIPs, also called “plastic antibodies,” are fully synthetic recog-
nition elements, which are generated by polymerizing their con-
stituent monomers in the presence of a target molecule, which
serves as a template.[®] After removing the template, cavities with
shape, size, functionality, and spatial arrangement complemen-
tary to the target molecule are formed in the polymer.”"! As the
most stable type of recognition element, MIPs bind their targets
even after treatment with strong acids or bases, organic solvents,
or high temperatures.”!72] Compared to antibodies or aptamers,
MIPs are nevertheless much less common in assays and sensors
and respective commercial products because there is a large het-
erogeneity between individual binding sites,!”37*] which typically
leads to more cross-reactivity and nonspecific binding.!”! The hy-
drophobic and highly cross-linked structure of MIPs also restricts
access of larger molecules like proteins to the imprinted sites,
which may further compromise the assay performance.

As a successful example of commercialized MIP applications,
the British company MIP discovery (mipdiscovery.com) im-
printed nanoMIPs against a part of the receptor binding domain
(RBD) of the viral spike protein. Such SARS-CoV-2 nanoMIPs
were immobilized on an electrode surface to measure the ther-
mal resistance at the interface between the electrode surface and
the aqueous sample matrix (thermal resistor sensor platform).”¢!

3.3. Signal Generation Elements

Even though there are label-free biosensing approaches,!””] most
bioaffinity assays employ labels such as enzymes or fluores-
cent dyes for the sensitive analyte detection. More recently,
the progress in nanotechnology has led to the development
of new NP-based labels (Table 3) that are detected optically,
e.g., by light absorption (colorimetry, nanocatalysts that produce
a chromophore), luminescence (fluorescence, electrochemilu-
minescence), scattering (turbidometry, nephelometry, surface-
enhanced Raman spectroscopy (SERS)), but there are also ex-
amples of electrochemical detection and the use of superpara-
magnetic NPs as labels. Most commercial applications are cur-
rently based on AuNPs for visually readable LFAs and latex
NPs for qualitative agglutination and quantitative turbidimet-
ric/nephelometric assays.

While optical labels are most common and will be further ex-
plained in the next section, other assays combine different meth-
ods such as optomagnetic detection or magnetoresistance.!*>78]
For example, MagArrays are based on measuring the change of
magnetoresistance when superparamagnetic beads come close to
magnetoresistive multilayer thin film (sensor surface).[”#% Mag
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Arrays have mainly been used to study one specific interaction
between an immobilized molecule and an NP-labeled molecule.

3.3.1. Gold Nanoparticles (AuNPs)

AuNPs are one of the most widely used labels in bioaffinity as-
says and sensors. Due to their remarkable optical, chemical, cat-
alytic, and electrical properties, AuNPs have found applications
especially in LFAs, colorimetric assays, plasmonic sensing, and
electrochemistry.8182] Their specific properties—and thus also
applications—are size and shape dependent. In the case of small
AuNPs (colloids below 100 nm), the dispersions have an in-
tense red color, which changes to yellow in the case of larger
particles.®3] Localized surface plasmon resonance (LSPR) leads
to oscillations of the free electrons of AuNPs, which is resonant
with a specific wavelength of light.[84]

AuNPs are typically synthesized by the method of Turke-
vich et al.®] with further improvements by Frens.[®] Gold
salts or tetrachloroauric acid (HAuCl,) are chemically reduced
by citrate, leading to monodisperse spherical NPs. The shape
and size of AuNPs can be modified by changing reagent
concentrations, reducing agents, or surfactants.¥”] Numerous
shapes of AuNPs have been reported over the years, includ-
ing nanorods, nanostars, core-shell structures, nanoclusters,
and irregularly shaped AuNPs.*! AuNPs can also be com-
bined with silver enhancement.® The surface of AuNPs can
then be modified with biomolecules, such as antibodies, DNA,
or enzymes, to generate target-specific nanoprobes for various
analytes.®) The bioconjugation reactions typically exploit the
strong affinity of mercapto!®”! or amino!®!! groups to gold, which
form self-assembled monolayers on the surface of AuNPs. The
biomolecules retain their activity after immobilization on AuNPs
and the bioconjugates are well biocompatible.

The high molar extinction coefficients and significant color
changes upon aggregation have led to the development of nu-
merous colorimetricl®?) and LFAs.[**°*] The ability to quench the
fluorescence signals due to energy transfer between fluorophores
and AuNPs enabled applications in fluorescence assays,!*! the
electrochemical properties of AuNPs are utilizable in impedance
biosensors,?®] their catalytic activity can be exploited to amplify
the optical or electrochemical signals,!®] and their plasmonic
properties find applications in LSPR assays!®’] and amplify the
performance of surface plasmon resonance biosensors.[®! Fi-
nally, the low toxicity of AuNPs!! enabled their applications in
in vivo diagnostics and imaging.*! Overall, AuNPs are fully es-
tablished labels with high stability and well-characterized biocon-
jugation procedures, making them the first choice in numerous
bioaffinity tests.

3.3.2. Dye-Doped (Silica/Polymer/Latex) NPs

Dye-doped micro- and nanobeads became widespread in recent
years. A bead typically consists of thousands of fluorophore
molecules encapsulated in a polymer (e.g., polystyrene) or sil-
ica matrix, and thus is much brighter than a conventional flu-
orophore label.['%] It should be expected that n fluorophore
molecules present in the polymer matrix result in an n-fold
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Table 3. Overview of NPs commonly used as labels for assays and sensing.

www.advmat.de

Signal generation element Material Mechanism Specific advantages
Noble metal NPs Gold, silver Light scattering Naked-eye readout
Localized surface Useful in wide range of readout
plasmon resonance methods
Fluorescence Well-optimized bioconjugation
quenching methods
Catalytic activity Low toxicity
Latex NPs Latex Increased light Simple application

Dye-doped NPs Polymer + dye

Lanthanide chelate-doped Polymer + chelated

nanoparticles (LnNPs) lanthanide

Quantum dots (QDs) Semiconductors

Polymer dots (Pdots) Polymers with
semiconductor
properties
Photon-upconversion Rare earth salts

nanoparticles (UCNPs)

Persistent luminescence Inorganic materials

nanoparticles (PLNPs)

Surface-enhanced Raman Au or Ag NPs +

spectroscopy (SERS) organic Raman label
molecule +

protective shell

scattering upon
agglutination

Fluorescence High brightness

Good photostability

Low toxicity

Doping with multiple dyes enables

ratiometric sensing

Fluorescence High brightness
Time-gated detection facilitating
separation from background

Large Stokes shifts

Quantum confinement Tunable emission

Fluorescence Narrow and symmetric emission
bands

High quantum yields

Broad excitation spectra

Fluorescence Photostability
Biocompatibility
Tunable optical properties

Photon-upconversion Background-free detection

luminescence Tunable emission
Large anti-Stokes shifts
Excellent photostability

Low toxicity

Fluorescence Luminescence measurement

Phosphorescence without continuous illumination
Avoids autofluorescence and light
scattering from biological

materials
Raman scattering Narrow spectroscopic signatures

High degree of multiplexing

stronger signal as compared to a single fluorophore label. Dur-
ing the readout, however, the photon flux may not be sufficient to
concurrently excite all of n fluorophores clustered in a very small
volume and the fluorescence of molecular fluorophores in close
proximity is typically quenched. The quenching can be avoided
by sophisticated fluorophore arrangements in the matrix, %! or
if suitable NPs such as liposomes are dissolved before the readout
to release the fluorophores.[1%?]

Additionally, the NPs can be doped with multiple dyes,
enabling ratiometric sensing.'®! Other advantages of dye-
doped beads include a good photostability and low toxicity.'*]
There are also commercial (nano)particles, which contain
FRET pairs to increases the Stokes shift such as Trans-
FluoSpheres originally developed by Molecular Probes (A
488 nm; A, 514 nm) or even further in the red spectrum
as the Quidel Triage System (A, 670 nm; A, 760 nm).l1%]

exc
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The larger Stokes shift enables a better discrimination from
autofluorescence.

3.3.3. Lanthanide Chelate-Doped NPs (LnNPs)

Organic chelates of certain lanthanide ions, especially europium
(Eu’*), display luminescent properties that are highly desirable
for labels in diagnostic assays. In particular, lanthanide com-
plexes exhibit long-lived luminescence with large Stokes shifts.
The slow luminescence decay allows time-gated or time-resolved
detection, facilitating the separation of the specific emission
signals from the background fluorescence.l'%! The lanthanides
are typically chelated with antenna dyes that absorb UV exci-
tation light and transfer it to the lanthanide. To further en-
hance the luminescence yields, lanthanide complexes are often
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assembled into a polymer matrix, forming LnNPs.[197-1%] De.
pending on the particular chelating structures, LnNPs incor-
porate thousands of luminescent chelates in a protective hy-
drophobic shell, resulting in chemical stability and bright
luminescence.''%! Tt should be noted that lanthanide complexes
enclosed in LnNPs exert a much weaker mutual quenching ef-
fect than organic fluorophores in dye-doped NPs. Therefore, Eu-
NPs provide the potential to strongly improve the sensitivity of
immunoassays, especially LFAs.['11112] Several companies such
as Medisensor from Korea provide EuNPs as labels for the de-
tection of Chlamydia trachomatis antigens and provide their own
dedicated LFA readers for PoC applications.!'!3]

3.3.4. Quantum Dots (QDs)

QDs are one of the most frequently used labels because they are
optically very attractive small-size labels. QDs are semiconductor
nanocrystals that show a quantum confinement effect depend-
ing on their size—typical 1-10 nm in diameter —* and ma-
terial composition.!''>] QDs are typically composed of group 11—
VI (e.g., CdTe and CdSe) and III-V (e.g., InP) semiconductors.
Also core—shell structures, with a shell based on wider bandgap
semiconductor material (e.g., ZnS), are widely employed to re-
duce the toxicity and improve the luminescence properties.[11]
By optimizing the chemical composition and size of QDs, their
emission wavelength can be continuously tuned from 380 to
2000 nm.[117118] Other advantages of QDs compared to conven-
tional organic fluorophores!'!? include narrow and symmetric
emission bands (full-width-at-half maximum 25-35 nm), high
quantum yields (up to 89% at room temperature),['?l and broad
excitation spectra.[!?!]

QDs are typically synthesized in organic solvents at high
temperatures.['””) To enable the transfer of such hydrophobic
QDs to aqueous solutions, the hydrophobic ligand layer on the
surface must be exchanged with a more hydrophilic material.
The two main approaches include ligand exchange and encapsu-
lation with an amphiphilic polymer.'?>124] Hydrophilic ligands
with mercapto groups are typically used for ligand exchange due
to their high binding affinity to the QD surface.'” Bioconju-
gates of QDs and recognition molecules are highly stable and
easily detectable, which renders them useful as sensitive labels
for various formats of luminescence assays,['2¢-128) electrochemi-
luminescence sensing,!'?’! and bioimaging.['3%31] In addition,
when QDs of different emission colors are embedded in poly-
meric microbeads at precisely controlled ratios, labels enabling
multiplexed color encoding can be prepared.!'32!

In commercial assay platforms, QDs may be limited by a com-
plex surface chemistry and the highly toxic cadmium in an oth-
erwise favorable chemical composition.!**] While the amount
of cadmium from QDs per single test is typically small enough
(micrograms) to meet RoHS requirements, the manufacturers
would have to handle larger quantities of cadmium-based ma-
terials, which should be avoided according to the European
directives on safety and health at work unless there are no
alternatives.

The Korean company BioSquare has commercialized Quan-
tumPack, which uses silica NPs with QDs in an outer shell as flu-
orescent labels for LFAs, and a dedicated QDITS PoC immunoas-
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say analyzer for the readout. The QD-based LFA was more sen-
sitive than the Sofia Influenza A + B fluorescence immunoassay
(Quidel, USA).[134]

3.3.5. Conjugated Polymer Nanoparticles (CPNPs) and
Semiconductor Polymer Dots (Pdots)

Conjugated polymers consist of large z-conjugated polymer
backbones with a delocalized electronic structure reminiscent of
inorganic semiconductor materials. Their optoelectronic proper-
ties including light-harvesting, light-amplification, and high pho-
tostability render them useful for a wide range of applications
such as light-emitting diodes, photovoltaic cells, and field effect
transistors.[1]

CPNPs are a relatively new alternative signaling element
for assays, sensors, and imaging applications because they are
strongly luminescent and their absorption and emission is tun-
able depending on the molecular weight and polymer chain
interactions.['**137] Various approaches for the development of
water-dispersible CPNPs have been proposed, but their prepara-
tion is rather complicated.['*¥] The main progress in assay and
sensor applications was realized after the development of water-
dispersible CPNPs. The functionalization of CPNs with specific
recognition elements imparts a good ability for target recognition
and imaging in vitro and in vivo.[!*]

Semiconducting polymer dots (Pdots) represent a special type
of small CPNPs below 30 nm in diameter, preferably in the
range of 5-20 nm. Pdots are well-suited for biological analysis
and imaging because they are small and very bright.'**] Pdots
have found applications as labels in LFAs, e.g., for the detec-
tion of PSA,[1%*1] carcinoembryonic antigen or cytokeratin 19
fragment.['*] Pdots are an interesting alternative label for LFAs,
but such assays have not been commercialized, yet.

3.3.6. Photon-Upconversion Nanoparticles (UCN Ps)

Lanthanide-doped UCNPs absorb two or more photons of low
energy near-infrared light and emit one photon of higher en-
ergy (anti-Stokes emission).*}] Compared to two-photon excita-
tion or second harmonic generation, much lower energy densi-
ties are sufficient for the excitation of UCNPs. One of the most
efficient UCNPs are composed of a crystalline host matrix (typ-
ically NaYF,) doped with low concentrations of the sensitizer
Yb3** and the activators Er** or Tm**.'*] New synthesis meth-
ods have yielded UCNPs with better photoluminescence quan-
tum yields.['*] As UCNPs are typically synthesized in hydropho-
bic solvents, their surface needs to be modified, e.g., by a sil-
ica shell or by ligand exchange reactions, to enable biological
applications.['®! For example, heterobifunctional ligands contain-
ing phosphonate or carboxylate groups coordinate at one end to
surface lanthanide ions and the other end is available for subse-
quent bioconjugation steps.[14¢]

Unlike other luminescent labels, the excitation of UCNPs
completely avoids background signals due to autofluorescence
from any solid-phase material employed in bioaffinity assays.
Consequently, relatively simple readout devices for the specific
detection of UCNP labels enable an extremely high analytical
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pad. The sample pad ensures an even flow of the sample and the UCNP label to the nitrocellulose membrane. b) Experimental workflow of the LFA.
Reproduced under the terms of the Creative Commons Attribution 4.0 International License from.['33] Copyright 2020, the authors.

sensitivity, which is a signiﬁcant competitive advantage in
commercial applications.['*”18] The availability of less com-
plex readout devices is particularly important when the plat-
form is intended for PoC.['**150] Furthermore, the large anti-
Stokes shifts of UCNPs enable an easy separation of the ex-
citation and detection channels, they are completely photo-
stable, and their emission wavelength can be tuned, allowing
for signal multiplexing.[*>!] Due to this broad range of advan-
tages, UCNPs have found numerous applications in microtiter
plate-based assays, 12| LFAs (Figure 2),[1>1%] immunomagnetic
assays,[1°7158] ag well as bioimaging.[146:15]

The company Orasure pioneered the commercial produc-
tion of upconversion labels for bioaffinity assays.['®®] While
many research groups still synthesize their own UCNP la-
bels, the Finish company Uniogen currently provides certi-
fied UNCP-labels that are consistent in size and brightness,
along with readers for microtiter plates and LFA strips. More
recently, the new company Revvity commercialized the Ronia
reader for UCNP-based LFAs. For immunohistochemistry, the
Swedish company Lumito is developing the SCIZYS reader to
the market for wide-field upconversion whole slide imaging
with cellular resolution.*161] Compared to the detection of
organic fluorophores or enzyme-generated chromogenic prod-
ucts, imaging of UCNP labels strongly improves the sensitiv-
ity and dynamic range,[**?) which is necessary to monitor dif
ferences in protein expression that may span four orders of
magnitude.

3.3.7. Persistent Luminescence Nanoparticles (PLN Ps)

PLNPs emit long-lasting luminescence after stopping the ex-
citation. Measuring luminescence signals without continu-
ous external illumination avoids interferences of autofluores-
cence and light scattering from biological materials without
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the need for expensive instrumentation with time-resolved
capabilities.[®3] Such optical properties have enabled the use of
PLNPs in biosensing and imaging applications,[1®*] as well as in
theranostics.!1%]

PLNPs based on Eu**- and Dy**-doped Ca, 4Mg,;,ZnSi,0,
were used for the detection of a-fetoprotein (AFP). PLNPs
were coated with polyethyleneimine and AuNPs were coated
with anti-AFP antibody. When both components were com-
bined, they adhered to each other and the close proximity of
PLNP and AuNP led to FRET, which quenched the lumines-
cence. Binding of AFP to the antibody-coated AuNPs released
the AuNPs from the PLNP surface and recovered the lumi-
nescence signal. This competitive assay resulted in an LOD of
0.41 ng mL~1.1166]

Additionally, wet milling of phosphorescent strontium alu-
minate (SrAl,O,) powder yielded PLNPs that were then encap-
sulated in silica incorporating an aldehyde silane.l'®’”] Then, an
amine-poly(ethylene glycol)-carboxyl linker was attached to facil-
itate the covalent binding of proteins. The attachment of neutra-
vidin enabled the use of the PLNPs as a sensitive immunoassay
label. Similarly, the US company Clip Health employs SrAl, O, as
a label for their Covid-19 Rapid Antigen Test (LFA) thatis read out
by the Clip Core device, a hand-held and smartphone-connected
fluorescence reader for LFA cartridges.

3.3.8. Surface-Enhanced Raman Spectroscopy (SERS) Tags

SERS is a light scattering method that has attracted wide interest
in recent years as a detection method for clinical biomarkers.[18]
As Rayleigh scattering and autofluorescence is many orders of
magnitude stronger than Raman scattering, it is typically chal-
lenging to specifically detect the Raman signal above the back-
ground signal. Noble metal nanostructures such as metal col-
loids, roughened metal surfaces, nanosphere self-assemblies,
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Figure 3. (Top) Spatial multiplexing on planar arrays can be implemented based on many different types of labels while (bottom) suspension arrays

typically rely on fluorescence-encoded beads.

template-directed deposits, and numerous core-shell NPs, how-
ever, provide the potential to enhance Raman signals by a factor of
107 to 10 which is suitable for the design of sensitive bioaffinity
assays.[121]

SERS has been used for the direct detection of food-borne
pathogens.'®] For example, Staphyloccocus aureus and Listeria
monocytogenes were first captured using wheat germ agglutinin (a
lectin) on magnetic iron oxide NPs. Subsequently, AuNPs linked
to species-specific aptamers served as Raman tags to distinguish
between these bacteria.l'”%! In other applications, SERS labels
were used as detection elements in LFAs. For example, serum
IgG and IgM against SARS-CoV2 spike protein were captured
separately in two test-zones and detected using Raman tags con-
sisting of spike protein conjugated to Ag(shell)/SiO,(core)/5,5'-
dithiobis-(2-nitrobenzoic acid).'’!) The readout by a portable
B&W Tek i-Raman Plus BWS465 spectrometer achieved a 1000-
fold lower LOD compared to standard colloidal gold detection.
The preparation and application of well-defined and reproducible
noble metal surfaces that are required to enhance the Raman sig-
nal, however, is a high hurdle for SERS-based techniques on the
way from the research laboratory into routine clinical diagnostics
(Figure 3).

Before After
satellites

satellites

)

3.4. Multiplexing

In many applications, there is a strong need to detect several an-
alytes in parallel. The first approach for multiplexing is based
on positional addressing (spatial multiplexing), where multiple
capture elements are immobilized on different segments of the
sensing array (Figure 4). In the simplest case, different wells
of microtiter plates or several test lines in LFA test strips rep-
resent these segments.['72] The degree of multiplexing can be
strongly upscaled by using miniaturized arrays of thousands of
spots in the case of protein or DNA arrays (e.g., gene chips from
Affymetrix).[173]

The second approach exploits labels (organic dyes or NPs) that
display distinct detection signatures such as the emission color
to distinguish between several analytes.['’#] The number of an-
alytes detectable in parallel, however, is limited by overlapping
emission bands of fluorescent dyes.['”>! Dye-doped nano- and mi-
croparticles (beads) are interesting candidates for color-coding
because different combinations of fluorescent dyes can be as-
sembled into one NP in different ratios such that color coding
is based on wavelength and intensities, which strongly enhances
the encoding capacity. Bead-encoded arrays can be read out

60

=

8

Without IL-6 With IL-6

Figure 4. Digital immunoassay based on the detection of single AuNPs by dark-field microscopy. Assay scheme a) in the presence of IL-6 and e) without
IL-6. In the presence of 4.76 nm of IL-6, the color changes from b) green to c) orange after incubation with the satellites. f,g) Without IL-6, the color does
not change. Scale bar: 2 um. SEM images show d) 10 nm satellites bound to a AuNP due to IL-6 binding, while h) the AuNP carries no satellites in the
absence of IL-6. Scale bar: 100 nm. i) LSPR shifts of AuNPs for the control (n = 176) and test (n = 204). The mean red shifts are 6.2 nm without IL-6 and
34.3 nm with IL-6. Reproduced with permission.['8 Copyright 2018, Elsevier.
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simultaneously (randomly ordered arrays) or read one-by-one
(suspension arrays) but typically require more sophisticated read-
out schemes than spatial encoding.!'’! Other encoding strate-
gies have been developed based on the multiple emission wave-
lengths and lifetimes of lanthanides.[**177]

The US company Luminex offers multiplex immunoassays us-
ing antibody-coated magnetic microparticles (beads) instead of
an antibody-coated microtiter plates to capture the analyte.!'*8!
The beads carry up to 100 unique fluorescence codes consisting
of different ratios of two long-wavelength fluorophores. In this
suspension array, each analyte-specific bead is identified one-by-
one by its unique code with high throughput using a dedicated
flow cytometer (xMAP).['78]

Similarly, the German company SAFIA Technologies em-
ploys fluorescence-encoded beads for a competitive suspen-
sion immunoassay. The bead surface is covered with the ana-
Iyte, and a specific antibody either binds to the surface-bound
analyte or to the free analyte in solution. No washing steps
are required because the flow cytometer can distinguish be-
tween free and bead-bound fluorophores, which renders the
measurements faster and easier compared to microtiter plate
immunoassays.['”’]

3.5. Digital Assays

Digital bioaffinity assays require the highest sensitivity of label
detection because each label must be detected and counted in-
dividually to indicate the presence of a distinct single analyte
molecule as recently discussed.['>%%] The US company Quan-
terix uses magnetic beads as a capture surface and the enzymatic
generation of a fluorescent product for their single molecule
array (SiMoA) platform.['®1] In this enzyme-linked immunosor-
bent assay (ELISA)-type detection scheme, it is essential to sup-
press product diffusion through femtoliter-sized arrays in order
to assign a signal to a single analyte molecule only.['®2] Com-
pared to enzymes, however, extremely bright NPs (such as dye-
doped polymers) or NPs that can be detected without optical
background interference (such as UCNPs) seem to be more suit-
able detection labels because there is no need to prevent product
diffusion after such an NP label has bound to a single analyte
molecule.

For example, individual immune complexes labeled with a sin-
gle UCNP were counted in a conventional microtiter plate for-
mat by fluorescence microscopy for the detection of PSA,[183184]
cardiac troponin, >l and SARS-CoV-2.['%] Plasmonic AuNPs in
combination with dark-field microscopy were used for the dig-
ital detection of interleukin-6 (Figure 4).118] Other digital NP-
based immunoassays have been implemented by laser heating of
AuNPs that generated transient vapor nanobubbles for the digital
detection of viruses.[¥7]

The SiMoA platform, however, continues to be the most suc-
cessful digital immunoassay on the market. This underlines the
fact that the label brightness and the optical signal-to-background
ratio are only two among many assay parameters that determine
the overall assay performance. In the case of an ultrasensitive de-
tection using digital assays, nonspecific binding of the labels be-
comes increasingly problematic and, here, the molecular labels
seem to have an advantage over larger NP labels.
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4. From Laboratory Instruments to PoC Devices

We can broadly distinguish between laboratory-based methods
and PoC tests, and there is a constant need to turn the instru-
mental methods into hand-held devices for PoC diagnostics. Liq-
uid chromatography coupled to mass spectrometry typically en-
ables the most sensitive detection of various analytes because
they are not limited by the affinity of antibodies or other lig-
ands. Bioaffinity assays, however, play a dominant role not only
in PoC tests but also in clinical diagnostics for several reasons:
1) they are relatively easy to perform, 2) they are more easily
amenable to mass screening in routine diagnostics, 3) the de-
tection instruments are robust during routine operation, and 4)
much cheaper than high-end mass spectrometers. For these rea-
sons, instruments for optical or electrochemical bioaffinity assays
can be much more easily converted into hand-held devices com-
pared to mass spectrometers. Many recent commercial PoC plat-
forms and those currently in development are based on microflu-
idic test cartridges, '] where the assay is run with minimal sam-
ple and reagent volumes. The detection of analytes in such small
sample volumes typically requires a stronger signal generation
than available from conventional optical labels.

Conventional heterogeneous assays such as microtiter plate
immunoassays are sensitive but require relatively long incuba-
tion times and several washing steps, which are typically car-
ried out in laboratory conditions. By contrast, homogeneous im-
munoassays exploit a change in the label signal upon analyte
binding to an immunoreagent and require neither solid phases
nor washing steps. Homogeneous assays are commonly faster
to perform but less sensitive than heterogeneous assays.['®] The
type of analyte determines which type of detection format should
be employed. For example, sandwich immunoassays are the
method of choice for protein markers, which are large enough
for binding two antibodies simultaneously, while hormones and
chemical warfare agents are relatively small molecules that re-
quire competitive assay formats (Figure 5).

4.1. Solid Phase (Heterogeneous) Immunoassays

Microtiter plates, LFA strips and magnetic beads are typical solid
phases for immunoassays!'®! that have been used for the anal-
ysis of protein biomarkers, other clinically relevant analytes and
increasingly also for various trace contaminants in food control
and environmental protection.l*’] NP-based labels for the read-
out of solid phase immunoassays can be divided roughly into
two categories: (a) plasmonic NPs, such as AuNPs that enable
a visual detection for the readout of LFAs, and (b) luminescent
NPs that are mainly employed for the readout of microtiter plate
assays, but typically require more demanding detection instru-
ments. Depending on the type of luminescent NP, they offer im-
proved luminescence efficiencies, long luminescence lifetimes,
large Stokes shifts, narrow emission bands, and high resistance
to photobleaching.[*°]

4.1.1. Microtiter Plate Assays
In a typical heterogeneous sandwich assay, an analyte-capturing

ligand, typically an antibody, is immobilized on a solid phase, fol-
lowed by a blocking step, sample application, and the addition of

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWWOD BAITe1D) 8]qel (dde aup Aq peusenob aJe S9ppie YO 8Sn J0 SNl J0j AreiqT 8UlUQ A8]1/MW UO (SUONIPUOD-pUE-SWRIALIO" A3 1M Alelq | Bul[Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[1202/T0/S0] Uo Ariqiiauliuo A8|im ‘myn Jo AisIeAlun Ad £59/08202 eWPe/Z00T OT/I0p/Wo 48| im A RIq1euljuo//Stiy WOy pepeoumod ‘0 ‘Se0rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

HETEROGENEOUS
a
analyte
label s
2& competltlorf
Y 5 -
analyte & tracer% 5
\li/ @ \lil Z
® EN
S @ solid support [analyte] solid support [analyte] 3 S
8E ¢ d %z
E @ analyte 2°
label 1 competition
X
snahvie 9 tracerQ‘)\ v
0 interaction interaction {
f label
label2 ae
in solution in solution
HOMOGENEOUS

Figure 5. Schemes of a) a noncompetitive, heterogeneous immunoassay using a pair of capture (blue) and labeled detection (gray) Ab and b) a competi-
tive immunoassay using only one Ab and a labeled tracer (orange-white) that competes with an analyte (green) for the antibody binding sites. Each assay
shows a distinct signal response with increasing analyte concentrations. Homogeneous immunoassays can also be implemented in c) a noncompetitive
and d) a competitive assay format, but require a change in the signal response of the labels upon analyte binding.

at least one reagent containing a detectable label to measure the
solid phase-bound analyte. Additionally, ample washing steps are
employed to remove excess reagents. The washing steps are cru-
cial to reduce the background signal of solid phase immunoas-
says and are a major reason for the higher sensitivity compared
to homogeneous assays. Enzymes are the most widely used la-
bels for immunosorbent assays, and the ELISA is considered the
gold standard among diagnostic assays. Other conventional la-
bels include radioisotopes and organic fluorophores, but in gen-
eral most labeling strategies are applicable to microtiter plate
assays.[1%]

4.1.2. Magnetic-Bead Assays

Some materials such as magnetite or maghemite are superpara-
magnetic on the nanoscale (<100 nm in diameter) and move
toward an external magnet without magnetically affecting each
other. Superparamagnetic capture beads, however, typically are a
few micrometers in diameter, which confer a larger surface area
for capturing more analyte molecules compared to NPs, but also
afford better binding kinetics compared to a planar surface.l']
Therefore, many small superparamagnetic NPs are enclosed in a
polymer matrix of a microparticle (bead).

Protocols for bead assays are in principle very similar as pro-
tocols for microtiter plate assays and similar labeling strategies
can be used. Upon conjugation with specific affinity binders,
magnetic beads specifically capture the analyte from the sample.
The magnetic separation steps enable in principle more efficient
washing and separation steps, which reduce matrix effects and

Adv. Mater. 2023, 2307653 2307653 (13 of 23)

provide the opportunity for analyte preconcentration. The appli-
cation of magnetic beads dates back to 1970, with their first appli-
cation in affinity chromatography.['®!] Since then, various types
and sizes of magnetic beads have found applications in bioanalyt-
ical chemistry. Superparamagnetic beads are commercially avail-
able from several companies, such as Invitrogen (Dynabeads)
or Agilent (Lodestars), and found applications in fully commer-
cialized bioanalytical systems from Quanterix (SimoA)*! and
Luminex.['78]

The German company Siemens Healthineers introduced Atel-
lica VTLi for the detection of cardiac troponin I (cTnl) from a
finger prick blood sample (Figure 6). Antibody-coated superpara-
magnetic NPs capture cTInl from the blood sample. Then, a mag-
net draws the superparamagnetic NPs to a sensor surface coated
with a second anti-cTnl antibody to form a sandwich complex.
NPs without cTnl are removed from the sensor surface by apply-
ing magnetic forces in the opposite direction. For the readout via
frustrated total internal reflection microscopy, an inexpensive col-
limated 625 nm LED illuminates the sensor surface in the total
reflection angle. The evanescent field is absorbed and scattered
by bound NPs, which causes an intensity decrease in the reflected
light that is detected by a CCD camera.['?] Due to the small di-
mensions and short analysis time, the device enables PoC diag-
nosis of myocardial infarction.

4.1.3. Lateral Flow Assays (LFAs)
LFAs represent a simple PoC test format, where the flow of a

small sample volume deposited on an application pad is driven

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Optomagnetic immunosensor using actuated magnetic NPs. a) Scheme of the reaction chamber showing (a1) how the chamber is filled, NP
redispersion, and analyte capture, (a2) actuation of the NPs during surface binding, and (a3) magnetic removal of excess NPs from the sensing surface.
b) Fluid microchamber with electromagnets and detection optics. Frustrated total internal reflection (f-TIR) allows for measuring the light intensity
reflected from the sensor surface, which depends on the bound NP concentration. c) Picture of a disposable cartridge. d) f-TIR image of magnetic NPs
bound to 31 antibody capture spots on the sensor surface. e) Real-time signal change on a single capture spot with assay phases indicated as al-a3.

Reproduced with permission.[1%2] Copyright 2009, Royal Society of Chemistry.

Dby capillary forces through a nitrocellulose membrane along with
immunoreagents and detection labels (Figure 7). The presence of
the analyte is detected on the antibody capture zone (testline) and
a second label detection zone serves as a flow control. Standard
LFAs typically rely on light-scattering AuNPs (colloids), but sev-
eral manufacturers also employ colored latex NPs.['%3] Both types
of labels can be detected by the naked eye without any instru-

mental help and thus provide a cost-efficient solution for home
testing.["* Additionally, the assay performance is fast (a few min-
utes) and easy (the test kit contains all required materials that are
cheap and disposable).

After four decades of development and commercialization,
the LFA market has grown to an estimated 8.4 billion USD in
2022 and is projected to reach $13.4 billion by 2030.['%] Major
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Figure 7. Flow of analyte and NP label in a) standard and b) competitive LFAs (TL: test line; CL: control line). Reproduced with permission.['%] Copyright

2015, Elsevier.
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companies in the LFA market are Abbott Laboratories (USA),
F. Hoffmann-La Roche AGI*”] (Switzerland), Danaher Corpo-
ration (USA), Siemens AG (Germany), Becton, Dickinson and
Company (USA), bioMérieux SA (France), Bio-Rad Laboratories,
Inc. (USA), Thermo Fisher Scientific Inc. (USA), QIAGEN N.V.
(The Netherlands), and PerkinElmer, Inc. (USA). AuNPs (col-
loidal gold) remain the most popular labels in the literature as
well as in practice.!'8!

While pregnancy tests have historically been one of the first
and for a long time the most successful LFA on the market,!*¥]
the onset of the Covid-19 pandemic brought a strong impulse for
PoC testing as a screening tool to keep the spread of SARS-CoV-2
under control—either in the form of antibody or antigen tests.['%!
The development of novel LFAs and their commercialization was
further facilitated by the loosened (otherwise very strict) legisla-
tive requirements for IVD tests due to the urgent public health
emergency. The emergency use authorization (EUA) regulation
was adopted by the US Food and Drug Administration and re-
spective organizations in other countries. Over-the-counter rapid
tests for home testing thus became a staple in everyday lifel2%!
and have clearly demonstrated their potential to keep the Covid-
19 pandemic under control.[1*]

Easily available LFAs, which are based on recognition of SARS-
CoV-2 antigen from nasopharyngeal samples, were specific, but
did not fully match the extreme sensitivity of nucleic acid am-
plification tests.[2%!] Although they failed to detect many asymp-
tomatic and presymptomatic infections, the low price as well as
an easy and rapid test procedure with visual readout enabled cost-
efficient, widespread and frequent mass testing at home or at
school, which have assisted in the efforts to counter the spikes of
Covid-19 infections.?*?] LFA testing has also found many other—
not as obvious—applications in the diagnosis of infectious and
cardiac diseases, testing of drug abuse, in veterinary medicine,
agriculture, environmental monitoring, biological warfare agent
detection, and food and feed security.[**]

Even though the analytical sensitivity using a visual readout
may not be adequate for all applications—in particular not for
quantitative detection—and home testing may be more suscep-
tible to errors and misinterpretations compared to laboratory-
based methods, LFAs are beneficial whenever the fields of ap-
plication or resource-limited environments(?®3 require simplic-
ity, low costs, short turnaround times, or self- and mass testing.
In general, visually readable NP-based qualitative LFAs can pro-
vide sufficient clinical performance for the detection of analytes
that are present in relatively high concentrations or when the
change in analyte concentration is large enough to enable a sim-
ple binary readout, as in the case of pregnancy tests or testing of
drugs of abuse in traffic controls.}?*] The qualitative or, at best,
semiquantitative results, however, limit the applicability of visu-
ally readable NP-based LFAs.I2%] Many clinical applications and
analytes require quantitative results, which is difficult to achieve
based on a visual readout.

Compared to a visual detection, smartphone cameras enable a
more sensitive, quantitative, and reproducible readout including
color separation in RGB channels (Figure 8).[2°0207] Smartphones
are still compatible with PoC testing because they are already
available even in resource-limited environments. Standardized
and quantitative results require image processing by the smart-
phone to correct for image shape distortion, illumination bright-
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Figure 8. Smartphone-based LFA for the detection of antibodies against
Ebola virus. a) After serum delivery, antibodies against viral proteins bind
to test lines and the antihuman antibody—-AuNP labels form a visual red-
purple line. A control line confirms the assay function. b) A smartphone
window shows the test results and patient details. When the red box is
aligned between the test and control lines, their relative intensities indicate
whether the result is positive or negative. Reproduced under the terms of
the Creative Commons Attribution 4.0 International license.l2%6] Copyright
2018, the authors.

ness, and color imbalances.2%82%] Although even low-cost smart-

phones provide sufficient image processing power, new smart-
phone models only remain for a limited time on the market be-
fore being replaced by a new model. It is thus difficult for the LFA
manufacturers to test them all. Thus, large-scale datasets consist-
ing of real-world images are considered for the use in training
and validation of image classification models. Furthermore, ma-
chine learning tools can be applied to optimize the readout and
quantification of LFAs.[210.211]

Some commercial test providers and public health agencies
have already started to collect images for test registration and
verification. This will enable not only reliable data analysis,
but also continued improvements of image classification mod-
els. Furthermore, additional information can be linked to each
measurement, enabling real-time, geo-linked surveillance.[210-212]
For quantitative LFAs most commercial manufacturers develop
and sell special detectors to correct the readout results.[?!*] The
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integration of simple light-emitting diodes and photodiodes with
readout electronics for colorimetric absorbance or reflectance
measurements will ultimately enable the low-cost production of
single-use LFA cartridges.[?!¥]

Replacing the colorimetric labels by luminescent NPs can
further strongly amplify the signal, which in principle should
strongly increase the assay sensitivity.[?1>21°] LFAs, however, are
a good example of an immunoassay platform, where the back-
ground fluorescence from the nitrocellulose material has im-
paired the detection of conventional fluorescence in practical
applications.?”’l Reducing the background fluorescence can thus
improve the performance of LFAs more efficiently than increas-
ing the label brightness. The time-gated luminescence from
LnNPs['%! and the anti-Stokes luminescence from UCNPs have
been employed in commercial LFAs for a sensitive luminescent
detection without background fluorescence from nitrocellulose.
UCNPs do not require a careful selection and optimization of the
assay components or the optical components of the readout de-
vice for lower material background, which should result in lower
expenses for both the test consumables and the readout instru-
ment. Even minor differences in the manufacturing costs can
provide a significant competitive advantage in the long run, espe-
cially, if the production scale is strongly increased over time. To
estimate the total costs associated with a quantitative assay plat-
form companies also need to take into account the development
and manufacturing costs of the readout device.?'8] Although the
costs for the development of NP-based reagents are often higher,
the overall assay costs per analyzed sample may actually be lower
if the required readout devices are cheap and less complex.

The Chinese company Vazyme produces LFAs based on
AuNPs for Covid-19 testing (antigen and antibodies) as well as
QDs for a range of inflammatory and cardiovascular biomark-
ers. They also offer three fluorescence readout devices (QD-S600,
QD-S900 and QD-S2000), which differ in sample throughput and
the degree of assay automation.[?"]

4.2. Mix-and-Measure (Homogeneous) Assays

The fluorescence polarization immunoassay—introduced in the
1960s—is probably the best-known homogeneous immunoassay
that employs a (nano)size-dependent effect to measure immune
complex formation. When polarized light excites a small fluores-
cent molecule in solution, the molecule rotates quickly between
the time of excitation and emission, and thus the emission is un-
polarized. After formation of an immune complex, however, the
rotation slows down, and the fluorophore emits mainly light po-
larized in the same plane as the excitation source. Standard com-
mercial applications do not require NPs, but as the depolarization
depends on the size of the complex, a strong depolarization can
in principle be achieved by using antibody-NP conjugates.

4.2.1. Turbidimetric Immunoassays

Turbidimetric immunoassays are a well-established scattering
method widely used for the routine detection of clinical biomark-
ers in the laboratory.[?2)] The formation of immune complexes
between the target analyte and the added antibody leads to an in-
crease of the turbidity in the test sample, which can be measured
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with high throughput on automatic clinical chemistry analyz-
ers. Traditional turbidimetric assays using free antibodies, how-
ever, are not sensitive enough for detecting low concentrations
of biomarkers. Sub-micrometer particles (usually polystyrene) or
NPs enhance the sensitivity based on a similar principle as com-
mon latex agglutination tests. Prominent examples are latex ag-
glutination turbidimetric immunoassays and particle-enhanced
turbidimetric immunoassays (PETIA). All major manufacturers
produce such assays for a wide range of biomarkers.

The Norwegian company Gentian Diagnostics has commer-
cialized PETIA assays utilizing antibody-coated polystyrene NPs.
The open channel assays run on a wide range of automated clin-
ical analyzers, which are already present in most clinical labora-
tories. Using existing infrastructure for the readout of new NP-
based assays strongly increases the chance of a successful com-
mercialization because there is no need for additional investment
costs. Not all types of new assays, however, are compatible with
existing laboratory equipment. The Finnish company Aidian has
developed immunoturbidometric assays for PoC testing.

4.2.2. Férster Resonance Energy Transfer (FRET)

FRET assays typically consist of one antibody conjugated to a
donor fluorophore and a second antibody conjugated to an accep-
tor fluorophore. If the analyte is bound by both antibodies, donor
and acceptor come in close proximity. FRET between donor and
acceptor results in a change of the fluorescence signal and may,
e.g., switch on the acceptor emission. Though standard FRET
pairs are based on fluorescent dyes, the detection scheme can
Dbe readily applied to NP-based donors and acceptors, in principle
using various types of optical labels described in Section 3.3.
For example, upconversion resonance energy transfer was em-
ployed for the competitive detection of estradiol.l??!] Donor UC-
NPs were modified with estradiol-specific antibodies and the ac-
ceptor dye Oyster-556 was conjugated to estradiol. In this com-
petitive assay format, the sensitized acceptor lifetime emission
was measured at 600 nm under continuous laser diode excitation
at 980 nm. In general, however, there are not many commercial
applications using FRET in combination with NPs, yet.

4.2.3. Luminescence Oxygen Channeling

The luminescence oxygen channeling immunoassay!*®! is a com-
mercially established homogeneous assay format that is only pos-
sible by using NPs. Two kinds of beads serve as the detection
labels. First, beads coated with monoclonal antibodies and with
incorporated chemiluminescent dye (chemibeads) are incubated
with the sample, followed by the addition of biotinylated antibod-
ies to form an immunocomplex with the target analyte. A second
streptavidin-coated bead containing the photosensitizer (sensi-
bead) is bound to the biotinylated antibody. Under 680 nm illu-
mination, the sensibead generates singlet oxygen (10,), which
diffuses to the chemibead. The singlet oxygen triggers a chemi-
luminescent reaction in the chemibead, which is measured at
612 nm. Luminescence oxygen channeling immunoassays are
available from Perkin Elmer (AlphaScreen) and Siemens Health-
care (Dimension Vista).[22]

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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5. Outlook on Commercialization Opportunities
for New Assay Designs

At the end, we may break down our long discussion to a short
question: “What is the difference between NP-based bioaffinity
assays that are on the market and those that have not moved to
the market?” If there was a given number of key parameters that
assays must meet to be successful, their design would be straight-
forward. The first problem with this question, however, is that it
is not a purely scientific one. Commercial success requires not
only a competitive technology but also financial resources, busi-
ness experience, and timely patent applications. The mindset and
commitment of individuals to drive the technology toward mar-
ket introduction—and to convince others on the way even if they
cannot be sure that the product will eventually be successful—is
essential. Overcoming all scientific, regulatory, and economic ob-
stacles on the route to commercialization is typically associated
with a large personal and financial risk.

Back in the scientific arena, a direct comparison of, e.g., the
label brightness to fix the key parameters of bioaffinity assays is
also not straightforward. In Section 3.3.2, we discussed that dye-
doped NPs can strongly amplify the signal, but that this signal
does not increase linearly with the number of fluorescent dyes
due to quenching of the organic fluorophores. In LnNPs (Sec-
tion 3.3.3), the overall brightness of each NP is more directly re-
lated to the number of enclosed Eu chelates. In an earlier quanti-
tative experiment, Soukka et al.[?2)] compared the performance
of an immunoassay using either individual Eu chelates as la-
bels or EuNPs—each containing ~30 000 Eu chelates—, which
were about 4000x brighter than individual Eu chelate labeled an-
tibodies. However, using otherwise exactly the same experimen-
tal conditions, the assay sensitivity improved only by a factor of
50 at best because the NPs led to a higher degree of nonspe-
cific binding, which increased the background signal. In another
study, AuNPs and EuNPs were compared as labels in an LFA for
the detection of PSA.[1%] The use of EuNPs improved the assay
sensitivity but far below from what should be expected consid-
ering the highly improved detectability of EuNPs compared to
AuNPs. This study clearly shows that it is not the NP brightness
but rather the weak washing efficiency in LFAs, which leads to a
relatively high background signal due to nonspecific binding and
thus limits the assay sensitivity. These examples demonstrate that
the signal amplification factors afforded by certain types of NPs
do not turn directly into an improved assay sensitivity. In gen-
eral, comparing individual assay parameters has a limited mean-
ing for assessing the overall assay performance because the suc-
cess of an assay depends on the entire concept of the platform
technology.

Although bioaffinity assays using NPs as signal generating ele-
ments are already on the market, there are plenty of opportunities
for the design of new assay concepts and platform technologies.
The use of NPs as reagents and labels, however, poses additional
challenges!??*! for the development and validation of assays. In
particular, a uniform and reproducible production and function-
alization of NPs is necessary together with their stabilization for
long-time storage in suspension to ensure that test kits yield
highly reliable diagnostic results. The advantages conferred by
the NPs in the assay performance must be strong enough com-
pared to conventional molecular labels to justify the additional
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complexity and increased expenses associated with the develop-
ment of NP-based products. Also, the management and mitiga-
tion of risks in the environment, health and safety need to be con-
sidered as there may be some (unknown) risks associated with
the use of NP-based products.

The larger size of NPs compared to molecular labels may
lead to steric hindrance in analyte recognition and slower the
assay kinetics, which is an obvious disadvantage in bioaffinity
assays. Steric restrictions of NPs may lead to problems in con-
ventional microtiter plate or bead immunoassays!?®! as well as
in homogeneous immunoassays that rely on the specific bind-
ing interaction of two NPs.[226227] The extent and likelihood of
these steric issues depend on the NP size, coupling chemistry,
the dimensions of the analyte, and how close to each other two
epitopes are located on the analyte molecule targeted by the cap-
ture and detection antibodies.[**] Compared to molecular la-
bels, NP-based assays require more optimization steps, which
increase the amount of work and cost for the development of
NP-based assays. Furthermore, the optimization work may be
slowed down by the challenges associated with the characteriza-
tion of the NP-antibody bioconjugates.?#22°] The binding reac-
tivity of antibody-coated NP bioconjugates depends on the den-
sity of antibodies on the surface. A higher coating density and
the proper orientation of antibodies improves their binding prop-
erties until a certain limit is reached.'*2*%] Consequently, the
consumption and costs of antibodies and reagents for the assay
may increase when using larger NPs as a certain molar concen-
tration of reactive NP bioconjugates is required in the assay—
even if the total surface area per mass of NPs is decreased with
larger NPs.

Certain optical features of NPs may enhance the assay perfor-
mance beyond the options available for molecular optical labels
and their conventional detectors. For example, it is not necessary
to select and optimize the assay and optical components carefully
regarding a lower background signal for the highly sensitive de-
tection of UCNPs, which reduces the expenses for both the test
consumables and the manufacturing of the readout instruments.
These optical features may also be amenable for a readout by
less sensitive but compact photodiode detectors!?!®] as compared
to expensive and bulky photomultiplier tubes, which further re-
duces the overall price for the assay platform. Even minor dif
ferences in the manufacturing costs of consumables and readers
can provide a significant competitive advantage in the long term,
especially, if the production scale strongly increases with time.

While there are currently fewer NP-based labels found in com-
mercial immunoassay platforms than one would expect from the
large number of research articles, NP-based diagnostic PoC plat-
forms have clearly shown their benefits and are already used in
many commercial settings.[”*! In the future, NP bioaffinity as-
says are foreseen to enable both affordable quantitative PoC test-
ing and extremely sensitive tests with high technology level in-
strumentation.
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